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Differential Activation of the DNA Replication
Checkpoint Contributes to Asynchrony
of Cell Division in C. elegans Embryos
aphidicolin [3, 4]. Moreover, Xenopus egg extracts con-
tinue cycling in the presence of aphidicolin [5]. However,
the DNA replication checkpoint can be triggered in such
extracts by the addition of excess sperm nuclei; this
finding indicates that components of the signaling path-
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CH-1066 Epalinges/Lausanne way, while normally not active, are present [5].
In early embryos of C. elegans, the first division isSwitzerland
unequal and generates a larger anterior blastomere, AB,
and a smaller posterior blastomere, P1, which have dif-
ferent fates and cell division timing, with AB dividingSummary
2 min before P1. This time difference is under the con-
trol of A-P polarity cues established in one-cell-stageBackground: Acquisition of lineage-specific cell cycle
embryos by six par genes, cdc-42, pkc-3, and compo-duration is a central feature of metazoan development.
nents of the actin cytoskeleton [6–8]. In most par mutantThe mechanisms by which this is achieved during early
embryos, the first division is equal, and the two resultingembryogenesis are poorly understood. In the nematode
daughter blastomeres divide in synchrony [9]. Size aloneCaenorhabditis elegans, differential cell cycle duration
does not appear to dictate the time difference betweenis apparent starting at the two-cell stage, when the larger
AB and P1. Indeed, AB still divides first after surgicalanterior blastomere AB divides before the smaller poste-
removal of substantial cytoplasmic material, while ABrior blastomere P1. How anterior-posterior (A-P) polarity
cytoplasts undergo mitosis-like surface contractionscues control this asynchrony remains to be elucidated.
before P1 cytoplasts [10]. These experiments do notResults: We establish that early C. elegans embryos
rule out size as a contributing factor, however, notablypossess a hitherto unrecognized DNA replication check-
because cytoplasm extrusion may have occurred whenpoint that relies on the PI-3-like kinase atl-1 and the
cell cycle duration is already set. Overall, the mecha-kinase chk-1. We demonstrate that preferential activa-
nisms by which A-P polarity controls differential timingtion of this checkpoint in the P1 blastomere contributes
of cell division in two-cell-stage C. elegans embryosto asynchrony of cell division in two-cell-stage wild-
remain to be elucidated.type embryos. Furthermore, we show that preferential
checkpoint activation is largely abrogated in embryos
that undergo equal first cleavage following inactivation
Resultsof G signaling.
Conclusion: Our findings establish that differential
Impaired DNA Replication Delays Entry into Mitosischeckpoint activation contributes to acquisition of dis-
in Early C. elegans Embryostinct cell cycle duration in two-cell-stage C. elegans
We and others have previously reported that inactivationembryos and suggest a novel mechanism coupling
of DNA replication components in C. elegans embryosasymmetric division to acquisition of distinct cell cycle
increases the time separating the division of AB fromduration during development.
that of P1 [11, 12]. Here, we utilized time-lapse differential
interference contrast (DIC) microscopy to analyze the
Introduction duration of S and M phases in embryos affected in com-
ponents of the DNA replication machinery (see the Ex-
In early embryos of many species, including C. elegans, perimental Procedures). We conducted this analysis on
Drosophila, and Xenopus, cell cycles are rapid and are embryos depleted by RNAi of rfc-4, a DNA replication
comprised of alternating S and M phases, with no in- factor C complex protein, or of pri-1, a DNA primase
tervening gap phases. This undoubtedly places restric- subunit, as well as on three maternal-effect embryonic
tions on the mechanisms that may modulate cell cycle lethal alleles of div-1, which encodes the B subunit of
progression. For instance, whereas transcriptional regu- the DNA polymerase -primase complex [11]. We found
lation of the cyclin-dependent kinase inhibitor cki-1 dic- in all cases that entry into mitosis in P0, AB, and P1 was
tates timing of the G1/S transition in postembryonic significantly delayed compared to wild-type (Figure 1;
lineages of C. elegans [1], and transcriptional regulation Table 1; see Table S1 in the Supplemental Data available
of the Cdc25 phosphatase string governs timing of the with this article online for statistical analysis of this and
G2/M transition in cycle 14 Drosophila embryos [2], such other data sets). Interestingly, entry into mitosis was
mechanisms are unlikely to be utilized in rapid early delayed to a larger extent in P1 than in AB (Table 1,
embryonic cycles. These cell cycles also differ from last column); this finding explains the occurrence of the
those of somatic cells because they typically do not persistent three-cell stage observed under these condi-
have a functional DNA replication checkpoint. For exam- tions (compare Figures 2A and 2B).
ple, cell division still occurs in Drosophila or Xenopus We next investigated whether hydroxyurea (HU),
embryos treated with the DNA replication inhibitor which prevents conversion of rNTPs into dNTPs by in-
hibiting ribonucleotide reductase, could provide a ro-
bust means of preventing DNA replication in early C.*Correspondence: pierre.gonczy@isrec.unil.ch
Current Biology
820
Figure 1. DNA Replication Checkpoint in Early C. elegans Embryos
Average duration of S phase (gray rectangle) and M phase (black rectangle) in P0, AB, and P1 determined by timing NEBD and cytokinesis by
using time-lapse DIC microscopy. Numerical values are given in Table 1. S phase in P0 is represented only in part (see the Experimental
Procedures). Stippled rectangle: timing of NEBD cannot be determined in daughter blastomeres of HU-treated embryos because nuclei do
not reform; as a result, the boundary between S and M phase is uncertain.
elegans embryos (see the Experimental Procedures). in the cell center (Figures 3C and 3D). This observation is
compatible with DNA replication being severely im-We found that treatment with 0.5 M HU substantially
delayed entry into mitosis in P0 and AB (Figure 1; Table paired, and perhaps abolished, in HU-treated embryos.
1). Moreover, P1 did not divide in most embryos during
the entire recording period (11/12 embryos analyzed;2 A Functional DNA Replication Checkpoint in Early
C. elegans Embryoshr for some embryos). We investigated the extent to
which DNA replication is impaired in HU-treated em- We addressed whether delayed entry into mitosis fol-
lowing defective DNA replication was due to activationbryos by using a GFP-Histone2B (HIS) transgenic strain.
In wild-type, DNA replication generates two sets of sister of a checkpoint. To this end, we set out to inactivate
predicted core components of the DNA replicationchromatids that segregate toward opposite spindle
poles during mitosis (Figures 3A and 3B). In contrast, in checkpoint pathway by using RNAi. These experiments
were conducted primarily with embryos derived fromHU-treated embryos, chromosome segregation was not
observed, despite the presence of an apparently normal div-1(t1642) homozygous mutant hermaphrodites (here-
after referred to as div-1 mutant embryos). A crucialspindle (data not shown); instead, the DNA mass remained
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Figure 2. Persistent Three-Cell Stage following Interference with DNA Replication
(A–C) Images from time-lapse DIC microscopy recordings of (A) wild-type, (B) div-1(t1642) mutant, and (C) HU-treated embryos 2 min after
initiation of cytokinesis in AB. Anterior is oriented toward the left in this and other figures. All panels are at the same magnification; the scale
bar represents 10 m. (A) In wild-type, cytokinesis initiates 2 min later in P1 (arrowhead) than in AB. (B) In div-1(t1642) mutant embryos,
NEBD in P1 has not yet occurred (arrow points to intact nucleus). (C) In HU-treated embryos, P1 has not undergone cell division; note that
nuclei do not reform in daughter blastomeres (areas devoid of yolk granules correspond to asters).
component of the evolutionarily conserved DNA replica- inactivation of atl-1 and chk-1 led to a slight further
acceleration of cell cycle progression in div-1 mutanttion checkpoint is a PI-3-like kinase of the ATM/ATR
protein family [13]. ATM/ATR kinases phosphorylate ser- embryos (Figure 1; Table 1). A small delay did persist
compared to wild-type, reflecting either incomplete in-ine/threonine kinases of the Chk1/Chk2 protein family,
which, in turn, phosphorylate Cdc25 and thereby pre- activation of atl-1/chk-1 by RNAi or an atl-1/chk-1-inde-
pendent response with a minor contribution. Impor-vent Cdc2 activation and entry into mitosis [14].
Strikingly, we found that RNAi-mediated inactivation tantly, however, entry into mitosis was no longer delayed
to a larger extent in P1 than in AB in such embryos (Tableof the ATR-related gene atl-1 restored faster cell cycle
progression to div-1 mutant embryos (Figure 1; Table 1, last column). Inactivation of atl-1/chk-1 also led to
acceleration of cell cycle progression in div-2 mutant1). Comparable results were obtained with the two other
div-1 alleles (data not shown). Faster cell cycle progres- embryos, which on their own exhibit a phenotype similar
to that of embryos lacking div-1 function (Figure 1; Tablesion was also restored to div-1 mutant embryos follow-
ing inactivation of chk-1 (Figure 1; Table 1). In contrast, 1) [11]. Furthermore, inactivation of atl-1/chk-1 substan-
tially accelerated cell cycle progression in HU-treatedRNAi-mediated inactivation of atm-1, another gene re-
lated to ATM/ATR, or of chk-2, did not alter timing of embryos (Figure 1; Table 1). These observations taken
together demonstrate the existence of an atl-1/chk-1-div-1 mutant embryos (data not shown). Simultaneous
dependent DNA replication checkpoint in early C. ele-
gans embryos. Whether this checkpoint monitors stalled
replication forks, DNA damage, or another primary de-
fect remains to be determined.
To test the biological significance of this checkpoint,
we analyzed div-1 mutant embryos in the presence and
absence of atl-1/chk-1 for the occurrence of chromo-
some bridges between AB and P1, which might occur if
DNA replication in P0 is incomplete. We found that such
chromosome bridges were present in 5% div-1 mutant
embryos with an intact checkpoint (n  63) and in 96%
of div-1 mutant embryos in which atl-1 and/or chk-1
Figure 3. Chromosome Segregation Is Severely Impaired in HU-
Treated Embryos
(A–D) Images from confocal time-lapse recordings of (A and B) wild-
type and a (C and D) HU-treated embryo carrying a GFP-HIS trans-
gene. (A and C) Fifty seconds after metaphase; (B and D) 5 min after
Figure 4. Checkpoint Inactivation Results in Defective Chromo-metaphase. All panels are at approximately the same magnification;
some Segregation in Embryos Impaired in DNA Replicationthe scale bar represents 10m. (A and B) In wild-type, sister chroma-
tids segregate toward opposite spindle poles during anaphase, re- (A and B) Confocal images (1 m thick) of fixed (A) div-1(t1642) and
(B) div-1(t1642) atl-1/chk-1(RNAi) two-cell-stage embryos stainedsulting in one nucleus being present in each daughter blastomere.
(C and D) In HU-treated embryos, chromosome segregation does with Hoechst 32558 to reveal DNA. Both panels are at the same
magnification; the scale bar represents10 m. (A) Whereas nucleinot occur, and a condensed DNA mass remains in the cell center
at the two-cell stage. Note that one polar body has been incorpo- in the AB and P1 blastomeres are located in the cell center in div-1
(t1642) mutant embryos, (B) chromosome bridges are apparent inrated into this particular HU-treated embryo ([C], slightly out of fo-
cus); the other polar body is visible in (D). div-1(t1642) atl-1/chk-1(RNAi) embryos.
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Figure 5. Preferential Activation of the DNA Replication Checkpoint in P1 Contributes to Asynchrony of Cell Division in Wild-Type Two-Cell-
Stage Embryos
(A–C) (Left) Time-lapse DIC microscopy of (A) wild-type, or confocal fluorescent time-lapse microscopy of (B) GFP-PCNA and (C) GFP-HIS
embryos. Images in each series are at the same magnification; only P1 is shown; the scale bars represent 10 m. The time elapsed is indicated
in minutes and seconds, where 00:00 corresponds to the time of measurement ([A], disappearance of nuclear membranes; [B], disappearance
of detectable GFP-PCNA in the nucleus; [C], metaphase to anaphase transition). Note that GFP-PCNA in the cytoplasm during mitosis is
poorly visible in this confocal section; note also that GFP-PCNA is found in the newly forming ABp nucleus (bottom left of last panel). (Right)
Time differences between AB and P1 determined by using the three measurement methods. Numerical values and statistical analysis of the
data are given in Table 2.
had been inactivated by RNAi (n  46; Figure 4). These Movie 1 in the Supplemental Data). We found that100
s, compared to150 s in wild-type, separated the disap-observations raise the possibility that the atl-1/chk-1-
dependent checkpoint plays a role in guarding early C. pearance of nuclear GFP-PCNA in AB from that event
in P1 in atl-1/chk-1(RNAi) embryos (Figure 5B; Table 2).elegans embryos against genome instability.
We conducted similar experiments by using GFP-HIS
transgenic animals to precisely time the metaphase toDifferential Activation of the DNA Replication
Checkpoint Contributes to Asynchrony of Cell anaphase transition (Figure 5C; see Movie 2 in the Sup-
plemental Data) and found that 90 s, compared toDivision in Wild-Type Two-Cell-Stage Embryos
The discovery of a DNA replication checkpoint in early 125 s in wild-type, separated this transition in AB from
that event in P1 in atl-1/chk-1(RNAi) embryos (FigureC. elegans embryos prompted us to investigate whether
it may contribute to the acquisition of distinct cell cycle 5C; Table 2). The time differences between atl-1/chk-1
(RNAi) and wild-type embryos observed with DIC, GFP-duration at the two-cell stage in wild-type. This hypothe-
sis was fueled by our finding that entry into mitosis is PCNA, and GFP-HIS are all statistically significant (Table
2). Therefore, atl-1/chk-1 function contributes to asyn-more delayed in P1 than in AB following impaired DNA
replication. Using time-lapse DIC microscopy to score chrony of cell division in wild-type embryos by preferen-
tially delaying entry into mitosis in the P1 blastomere.nuclear envelope breakdown (NEBD; Figure 5A), we
found that inactivation of atl-1/chk-1 in otherwise wild- Interestingly, descendants of P1 give rise to the germline,
raising the possibility that preferential checkpoint acti-type embryos resulted in a slightly precocious entry into
mitosis in AB and in a proportionally more precocious vation at the two-cell stage contributes toward ensuring
genome stability for the next generation.entry into mitosis in P1 (Table 2). As a result, 75 s
separated NEBD in AB from NEBD in P1, compared to
125 s in wild-type (Figure 5A; Table 2). We sought to Unequal First Division and Preferential Activation
of the DNA Replication Checkpointconfirm this result by using a fluorescence marker of
NEBD. We generated a GFP-proliferating cell nuclear in the P1 Blastomere
We next investigated one possible mechanism thatantigen (PCNA) transgenic strain that served this pur-
pose, as GFP-PCNA was nuclear during S phase and could account for preferential activation of atl-1/chk-1
in P1. We reasoned that one or several maternally con-relocalized to the cytoplasm at NEBD (Figure 5B; see
Current Biology
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Table 2. Cell Cycle Duration in AB and P1 Determined by Time-Lapse DIC or Fluorescent Microscopy
Data Set Embryos n ABa (min) P1a (min) AB to P1 (s) P1/AB t Testb
DIC wild-type 20 12.1  1.1 14.1  1.1 124  14 1.17  0.02 na
atl-1/chk-1(RNAi) 10 10.9  0.3 12.2  0.5 74  14 1.11  0.02 p  6  107
goa-1/gpa-16(RNAi) 12 11.4  1.0 12.5  0.9 68  14 1.10  0.03 p  7  107
goa-1/gpa-16/atl-1/chk-1(RNAi) 10 11.2  1.0 12.1  1.1 52  24 1.08  0.03 p  2  106
GFP-PCNAc wild-type 11 11.5  1.5 14.0  1.5 152  17 1.22  0.04 na
atl-1/chk-1(RNAi) 7 10.3  0.8 12.0  0.8 99  10 1.16  0.02 p  3  104
goa-1/gpa-16(RNAi) 10 10.4  0.6 12.1  0.8 104  14 1.17  0.02 p  0.005
goa-1/gpa-16/atl-1/chk-1(RNAi) 13 10.7  0.8 12.4  0.9 99  21 1.15  0.03 p  2  104
GFP-HIS wild-type 11 13.3  0.9 15.4  0.9 124  15 1.16  0.02 na
atl-1/chk-1(RNAi) 18 11.9  0.8 13.4  0.9 88  18 1.12  0.02 p  0.001
goa-1/gpa-16(RNAi) 16 12.6  0.9 14.0  1.1 86  20 1.11  0.02 p  9  105
goa-1/gpa-16/atl-1/chk-1(RNAi) 15 11.4  0.7 12.4  1.0 61  23 1.09  0.03 p  1  106
a For the DIC data set, “AB” and “P1”correspond to the time separating cytokinesis in P0 from NEBD in AB or P1. For the GFP-PCNA and
GFP-HIS data sets, “AB” and “P1” correspond to the time separating cytokinesis in P0 from the disappearance of GFP-PCNA or the metaphase
to anaphase transition in AB or P1.
b Student’s t test was applied by using the full numerical values to compare the ratios of AB/P1 with wild-type. In addition, the ratios in goa-1/
gpa-16(RNAi) were compared to those in goa-1/gpa-16/atl-1/chk-1(RNAi), with the following outcome: p  0.09 (DIC), p  0.25 (GFP-PCNA),
p  0.02 (GFP-HIS).
c Occasional GFP-PCNA embryos exhibit chromosomal segregation defects, which are exacerbated when goa-1/gpa-16 are inactivated; in
addition, 4/10 goa-1/gpa-16(RNAi) and 6/13 goa-1/gpa-16/atl-1/chk-1(RNAi) embryos carrying GFP-PCNA had karyomeres in AB and/or P1.
tributed components essential for DNA replication might which G signaling has been inactivated in addition.
In contrast to this prediction, however, we found thatbe limiting in early C. elegans embryos. If such compo-
nents were uniformly distributed in dividing one-cell- delayed entry into mitosis in one-cell-stage div-1 mutant
embryos was not affected by inactivation of goa-1/gpa-stage embryos, as is the case for GFP-PCNA (Movie 1),
then the smaller P1 blastomere would inherit less such 16 (16.3  2.8 min, n  19 in div-1(t1642) compared to
16.7  4.0 min, n  15 in div-1(t1642) goa-1/gpa-components than the larger AB blastomere. Because
the amount of DNA to be synthesized is the same in the 16(RNAi); paired experiments; p  0.79). Although we
cannot exclude that G signaling is specifically requiredtwo blastomeres, such unequal distribution might lead
to preferential checkpoint activation in P1. for differential checkpoint activation at the two-cell
stage or for another cellular process modulating cellTo test this hypothesis, we addressed whether the
first division must be unequal to generate preferential cycle progression, these findings taken together are
compatible with the view that unequal size of blasto-engagement of the DNA replication checkpoint in P1. To
this end, we timed cell cycle progression in embryos meres contributes to asynchrony of cell division.
depleted of the heterotrimeric G protein  subunits
GOA-1/GPA-16 by RNAi; such embryos have normal A-P Discussion
polarity but undergo equal first division [15]. Using time-
lapse DIC microscopy, we found that 70 s separated Our work reveals that the DNA replication checkpoint
is functional in one- and two-cell-stage C. elegans em-NEBD in AB from NEBD in P1 in goa-1/gpa-16(RNAi)
embryos (Figure 5A; Table 2); this difference is similar bryos. As entry into mitosis is merely delayed, even in
hydroxyurea-treated embryos, this checkpoint is lessto the 75 s time difference observed after inactivation
of atl-1/chk-1. Analogous results were obtained by using potent at preventing cell cycle progression than that
acting in somatic cells, where entry into mitosis isGFP-PCNA and GFP-HIS (Figures 5B and 5C; Table 2).
Moreover, we found that 65 s separated NEBD in AB blocked following inhibition of DNA replication. Never-
theless, our findings are in contrast to observations infrom NEBD in P1 in embryos depleted of the GoLoco-
containing proteins GPR-1/GPR-2 by RNAi (data not embryos of Drosophila, Xenopus, or Zebrafish, where
aphidicolin or hydroxyurea do not affect cell cycle pro-shown). Such embryos also have normal A-P polarity but
undergo equal first division, probably because GPR-1/ gression prior to the midblastula transition [3, 4, 16].
Interestingly, the DNA replication checkpoint is alsoGPR-2 are positive regulators of G signaling (Kelly
Colombo and P.G., unpublished data). As shown in Ta- functional in early embryos of fucus and sea urchin [17,
18]; this finding indicates that the DNA replication check-ble 2, we found that simultaneous inactivation of goa-1/
gpa-16 and atl-1/chk-1 resulted in only a slight further point may contribute to modulation of cell cycle duration
during early development of a number of organisms.reduction of the time difference between AB and P1;
this time difference was statistically significant solely The DNA replication checkpoint in early C. elegans
embryos relies on two core components of the evolu-for GFP-HIS. Together, these findings indicate that atl-1/
chk-1 activation is largely goa-1/gpa-16 dependent. tionarily conserved checkpoint signal transduction cas-
cade, ATR-related atl-1 and chk-1. ATR is also the PI-We considered whether this dependency may reflect
a general requirement of G signaling for checkpoint 3-like kinase seemingly required for the DNA replication
checkpoint in vertebrate somatic cells, as human fibro-activation in early embryos. If this were the case, then
delayed entry into mitosis should be abrogated in one- blasts overexpressing a kinase-inactive ATR protein are
hypersensitive to aphidicolin and hydroxyurea [19].cell-stage embryos impaired in DNA replication and in
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Moreover, Xenopus egg extracts supplemented with nisms by which A-P polarity ensures differential check-
point activation during early development.sperm nuclei and treated with aphidicolin no longer ar-
rest following immunodepletion of ATR [20]. Similarly,
Experimental ProceduresChk1 appears to be the main downstream effector of
ATR in vertebrates. ATR phosphorylates Chk1 in Xeno-
Nematode Strainspus egg extracts, and this phosphorylation is essential
C. elegans culture was prepared according to standard procedures
for Chk1 to prevent entry into mitosis following DNA [25]. Strains of the following genotypes were utilized: unc-32(e189)
replication checkpoint activation [21]. Furthermore, div-1(t1642) and unc-32(e189) div-1(t1676), both balanced by qC1
ATR/mei-41 and Chk1/grapes are essential for the DNA dpy-19(e1259ts) glp-1(q339) [26]; div-1(or148ts) and div-1(or209ts)
[11]; par-4(it47ts) [9]; unc-119(ed3) ruIs32 III {pAZ13:pie-1-GFP-replication checkpoint in Drosophila [22, 23]. Together
H2B(F54E11.4)} [27]; unc-119(ed3) isIs17 {pGZ295:pie-1-GFP-with our findings, these observations indicate that ATR
PCNA(W03D2.4)} (this study). We established that div-1(t1642) andand Chk1 play a conserved role in the DNA replication
div-1(t1676) fail to complement div-1(or148ts). Most of the coding
checkpoint across metazoan evolution. sequence of div-1 was sequenced following RT-PCR reactions; a
It has become increasingly clear that the DNA replica- C to G alteration was found at position 1465 of the div-1 gene in
tion checkpoint can be utilized in the absence of defec- div-1(t1676) in two independent RT-PCR reactions. This alteration
results in a Stop codon at aa 489 in DIV-1. The mutation in div-1tive DNA replication to modulate cell cycle progression.
(t1642) was not identified.For instance, careful timing revealed that ATR/mei-41
and CHK-1/grapes are required to lengthen S phases
GFP-PCNA Transgenic Animalsat the midblastula transition in Drosophila embryos [22].
Blast searches identified ORF W03D2.4 as C. elegans PCNA. Appro-Moreover, immunodepletion of ATR or Chk1 from Xeno-
priate primers (the sequences of these and all other primers are
pus egg extracts results in premature entry into mitosis available upon request) were utilized to PCR amplify W03D2.4 from
[20, 21]. Our results mirror these observations and dem- wild-type genomic DNA. The resulting fragment was cloned into the
pie-1-GFP germline expression vector [28] to generate pGZ295,onstrate for the first time that differential modulation of
which was found to be in agreement with the genome sequence.constitutive signaling can contribute to acquisition of
pGZ295 was cobombarded with pDP#MM051, which carries an unc-distinct cell cycle duration during early development.
119 cDNA [29], following the procedure of Praitis et al. [27]. ThreeOur findings suggest that A-P polarity regulates timing
independent integrated transgenic strains, which gave identical ex-
of cell division in wild-type two-cell-stage C. elegans pression patterns, were generated.
embryos through two distinct mechanisms. First, polar-
ity cues govern60% of the time difference through an Time-Lapse Microscopy
atl-1/chk-1-independent mechanism that remains to be Embryos were analyzed by time-lapse DIC microscopy at 23  1C
as described [26]. Timing of the pseudocleavage stage (measuredidentified. Second, polarity cues result in preferential
at maximal pseudocleavage furrow ingression) in P0 as well as thatactivation of the atl-1/chk-1-dependent DNA replication
of NEBD (measured at disappearance of nuclear membranes) andcheckpoint in the smaller blastomere, P1, and account cytokinesis (measured at onset of furrowing) in P0, AB, and P1 wasfor the remaining 40% time difference. Why should determined. As early blastomeres of C. elegans oscillate between
there be two mechanisms to ensure acquisition of lin- S and M phase [30], the time separating NEBD from cytokinesis
eage-specific cell cycle duration? Interestingly, despite corresponds to M phase, while that separating cytokinesis from
NEBD in the subsequent cell cycle corresponds to S phase. In one-having a40% reduction in the time difference between
cell-stage embryos, only the part of S phase between the pseudo-AB and P1, most atl-1/chk-1(RNAi) embryos give rise to
cleavage stage and NEBD was measured, as embryos shortly afterviable adults, though they lack a germline. Perhaps the
fertilization are osmotically compromised.
existence of two partially redundant mechanisms pro- Embryos carrying GFP fusion proteins were imaged by using dual
vides a means to ensure robust acquisition of distinct time-lapse DIC and fluorescent microscopy on a Zeiss Axioplan 2
cell cycle duration during early embryonic development. with a 6% neutral density filter to attenuate the 103W Arc Mercury
epifluorescent source. The motorized filter wheel, two external shut-An attractive hypothesis is that preferential check-
ters, and the 12-bit Diagnostic Instrument Spot RT Camera werepoint activation in P1 results from the unequal first cleav-
driven by Metamorph software (Universal Imaging), and one pair ofage of wild-type embryos, since preferential activation
images was taken every 10 s. For Figures 3 and 5, embryos were
is largely abrogated in embryos that undergo equal first imaged on a Zeiss LSM 510 confocal microscope with appropriate
cleavage following inactivation of G signaling. In appar- settings.
ent contradiction with this working model, par-4 mutant
embryos undergo unequal first cleavage, yet exhibit Hydroxyurea Treatment
near synchronous division at the two-cell stage [9]. How- HU diluted in water was injected into the gonads of young adult
hermaphrodites, which were allowed to recover for 0–5 hr at 20Cever, probably as a result of incomplete or delayed cyto-
before embryos were dissected and analyzed. Phenotypes werekinesis, cytoplasm often flows from AB into P1 in par-4
strongest 0.5–1.5 hr after injection and with high concentrationsmutant embryos [24]; this could alter cell cycle progres-
of HU. The phenotype reported in the text was obtained in 90%
sion in the two blastomeres. Compatible with this view, of embryos 0.5–1.5 hr after injection of 0.5 M HU. Rare embryos
daughter nuclei confined to a common cytoplasm fol- treated in this manner had a weaker phenotype resembling div-1
lowing lack of cytokinesis at the one-cell stage undergo mutant embryos; this phenotype was observed more frequently in
the progeny of animals subjected to lower concentrations of HU orsynchronous NEBD [10]. Furthermore, the apparent par-
analyzed at different time points. Other rare embryos examinedadox posed by par-4 mutant embryos may be resolved
0.5–1.5 hr after injection of 0.5 M HU displayed an apparentlyif the impact of cell size on cell cycle progression can
stronger phenotype since the cleavage furrow regressed in P0; thisbe detected in full only when polarity cues are intact.
phenotype was observed more frequently in the progeny of animals
Future work, including experiments in which the first subjected to 1 M HU. In addition, occasional severely affected HU-
cleavage can be equalized without interfering with polar- treated embryos displayed an extra centrosome, resulting in the
formation of a tripolar spindle.ity cues or G signaling, will help elucidate the mecha-
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